Abstract--We investigated the potential role of defensive chemicals in the avoidance of watercress (Nasturtium officinale) by the cooccurring amphipod, Gammaruspseudolimnaeus at two spring brooks: Carp Creek, Michigan and Squabble Brook, Connecticut. We conducted observations and laboratory experiments on the consumption of watercress, the toxicity of damaged (frozen) watercress, and the toxicity of damage-released secondary chemicals. Field-collected yellowed watercress typically lacked the bite and odor characteristic of green watercress and was consumed by G. pseudolimnaeus. G. pseudolimnaeus strongly preferred yellowed watercress to green watercress despite the higher nitrogen content of the latter (2.7 vs 5.4%), and usually consumed five times more yellowed watercress ( > 50 % of yellowed leaf area vs. < 8 % of green leaf area presented). Fresh green watercress contained seven times more phenylcthyl glucosinolate than yellowed watercress (8.9 mg/g wet vs. 1.2 mg/g). Cell-damaged (frozen) watercress was toxic to G. glucosinolate hydrolysis product, 2-phenylethyl isothiocyanate had 48-hr LCs0s between 0.96 and 3.62 mg/liter, whereas 3-phenylpropionitrile was less toxic, with 48-hr LCs0s between 130 and 211 rag/liter. These results suggest that live watercress is chemically defended against consumption. The glucosinolate-myrosinase system, recognized as the principle deterrent system of terrestrial cmcifers, is also possessed by N. officinale and may contribute to defense from herbivory by aquatic crustaceans. This system may be just one of many examples of the use of defensive chemicals by stream and lake macrophytes.
INTRODUCTION
Invertebrate herbivory on live macroscopic plants is conspicuously rare in freshwater systems (Otto and Svensson, 1981; Wetzel, 1983 ; for exceptions see Gaevskaya, 1969; and Sheldon 1987) . Vascular macrophytes are important as both invertebrate habitats and as substrata for epiphytic periphyton (e.g., Hutchinson, 1975; Gregg and Rose, 1985) . When these plants die or senesce, i.e., when tissues rapidly decompose (Webster and Benfield, 1986) , they contribute directly to the particulate energy base of aquatic systems, providing energy to detritivores or decomposers (Wetzel, 1983; Mann, 1988) .
Despite low herbivory on macrophytes, few have investigated plant-animal interactions from a chemical standpoint, which has resulted in a common opinion that chemical defenses are relatively unimportant in freshwater macrophytes (McClure, 1970; Hutchinson, 1975) . Recently, Lamberti and Moore (1984) noted that there is insufficient information available to assess the importance of antiherbivore chemicals in freshwater plants, although Otto and Svensson (1981) and Ostrofsky and Zettler (1986) have argued for a greater role of secondary chemicals in freshwater plant defense. Most recently, Hay and colleagues (see Hay and Fenical, 1988 , for a review) have shown that secondary chemicals are very important determinants of seaweed use by marine herbivores. Our study of watercress [Nasturtium officinale R. Br. -synonym: Rorippa nasturtium-aquaticum (L.) Hayek], a common spring-brook macrophyte, and Gammarus pseudolimnaeus Bousfield, a commonly cooccurring amphipod, suggests that this macrophyte is chemically defended from herbivory and that the defensives act in a manner comparable to terrestrial relatives.
Watercress is a crucifer that possesses glucosinolates and myrosinase, which are common to the family (Kjaer, 1976) . It was introduced to North America in the 1700s from Europe and is now widely distributed in the United States (Green, 1962) in alkaline springs and spring-fed streams, where it often establishes extensive beds (Howard and Lyon, 1952; Voss, 1985) . Because of its use as a food for humans, much information is available on watercress aroma and taste-related chemistry. Glucosinolate and myrosinase are stored separately in the plant, but upon tissue damage, glucosinolate hydrolysis is mediated by myrosinase to yield characteristic isothiocyanates and nitriles (Van Etten and Tookey, 1979; Larsen, 1981) . In watercress, 2-phenylethyl isothiocyanate and 3-phenylpropionitrile are the predominant hydrolysis products (MacLeod and Islam, 1975; Spence and Tucknott, 1983) and constitute 25-55 % of the volatile compounds. The 2-phenylethyl isothiocyanate is considered the predominant flavor component and imparts the characteristic "hot" taste of watercress (Freeman and Mossadeghi, 1973) .
In terrestrial studies, glucosinolates and corresponding isothiocyanates of crucifers are considered classical examples of chemical defense (Feeny, 1976 (Feeny, , 1977 . These compounds are deleterious to nonadapted herbivores (e.g., Lichtenstein et al., 1964; Blau et al., 1978) and will reduce herbivore damage (Louda and Rodman, 1983; Louda et al., 1987) . Moreover, isothiocyanates are released as a response to direct damage of tissues, underscoring the causal relationship with herbivory. Isothiocyanates are especially noxious and can be quite toxic (Lichtenstein et al., 1964; Lowe et al., 1971; Ahman, 1986) . However, we know of no research on the ecological implications of the mustard oil system in aquatic plants such as watercress.
Amphipods are also commonly found in alkaline spring streams and often occur among watercress (Howard and Lyon, 1952; Hynes and Harper, 1972; Gregg and Rose, 1985) . In particular, Gammarus are generalist consumers in that they eat other animals, terrestrial leaf litter, algae (Marchant and Hynes, 1981; Sutcliffe et al., 1981) , and are able to digest cellulose (B/irlocher and Porter, 1986) . Gammarus also readily consumes decomposing macrophytes (e.g., Newman et al., 1987) , including watercress (Newman, unpublished manuscript) .
In this study, we report the results of feeding choice tests with watercress leaves, the concentrations of isothiocyanate yielding glucosinolates in watercress, and the toxicity of frozen watercress and glucosinolate degradation products to Gammarus pseudolimnaeus. We suggest that the lack of aquatic herbivory on North American watercress is in large part due to a chemical defense system. Watercress may represent one of many emergent macrophytes that have carried defensive systems into the aquatic environment. The waters were alkaline with conductivities between 200 and 300 tzS/cm and support extensive watercress beds.
In the course of detritivory experiments, we discovered that watercress possesses noxious compounds that are harmful to Gammarus and hypothesized that glucosinolate hydrolysis products (2-phenylethyl isothiocyanate and 3-phenylpropionitrile) were the harmful agents, because senescing yellow leaves have less of the characteristic watercress aftertaste. To evaluate this hypothesis, we performed feeding choice tests with fresh and yellow (senescent) watercress leaves to determine the extent that watercress was palatable to G. pseudolimnaeus.
Feeding Choice Test. To determine if Gammarus would readily consume fresh watercress, we conducted feeding choice tests, comparing yellowed watercress leaves with fresh green leaves. Preliminary field observation had suggested some damage to senescent yellowed leaves. For these experiments, most yellowed leaves were obtained by keeping leaves in the dark at 10~ for about one week, but some yellowed leaves were collected from plants in the streams. Eight amphipods (ca. 5 mg dry wt. each) were placed into choice chambers (modified 100 • 20-mm Petri dishes, divided into four pie-shaped compartments that were open to one another) with 60 ml filtered stream water. The amphipods were allowed to acclimate to the chambers (10~ without food for 12 or 48 hr, which resulted in two levels of starvation. Leaf disks (ca. 105 mm2; 25 mg wet) were cut from fresh and yellowed leaves with a cork borer. Disks were randomly assigned to choice chambers, one disk per compartment, in one of four categories: 3 green disks; 2 green + 1 yellow disk; 1 green + 2 yellow (CT); or 1 green + 1 yellow disk (MI); 2 green + 2 yellow disks. Disks were held in compartments by pinning the disks with insect pins to silicon knobs in each compartment. The amphipods were allowed to feed for 24 hr, the disks were removed, and disk area remaining was computed (by planimeter or digitizer). During each experiment, a set of four green and four yellow disks were placed in chambers without amphipods and served as controls to estimate initial areas. For each choice type there were 6-12 replicates at 12-and 48-hr starvation periods.
Damaged Tissue Tests. Toxicity tests were conducted with frozen watercress to determine the presence of harmful chemicals. Mustard oils are typically in minute concentrations prior to plant damage. Freezing, however, produces extensive plant damage and, upon thawing, promotes the hydrolysis of glucosinolates to the corresponding isothiocyanates and nitriles.
Fresh watercress leaves were clipped from the plants, washed, blotted dry, and then frozen at ca. -15~ Toxicity tests were conducted in 100 • 15-mm plastic Petri dishes containing 40 ml of filtered stream water. Ten amphipods (ca. 5 mg dry wt. each) were placed in each Petri dish and acclimated for 24 hr in an environmental chamber at ambient stream temperature (ca. 10~
The frozen leaves were thawed and predetermined wet weights of leaf tissue were randomly placed into each dish, which was then covered. Triplicate dishes of each of five concentrations (a control and four levels of watercress) were used in each toxicity assay. Mortality was observed over time for 48 hr. Lethal concentrations (LCs0 values) and confidence intervals were computed with the trimmed Spearman-Karber method (Hamilton et al., 1977) .
Toxicity of Secondary Compounds. Toxicity tests were also conducted with the two secondary compounds known to be prevalent in watercress: 2-phenylethyl isothiocyanate and 3-phenylpropionitrile (Aldrich Chemical Co., Milwaukee, Wisconsin). Experimental conditions were identical to the damaged tissue tests. Because the compounds were volatile oils, serial dilutions were made with absolute ethanol and appropriate concentrations were applied to inert filter disks (Reeve Angel Cellulose disks). Filter disks with the appropriate amount of compound were placed in each Petri disk (concentrations of 0.1-25 rag/liter for 2-phenylethyl isothiocyanate and 25-375 mg/liter for 3-phenylpropionitrile), three replicate dishes per concentration. Filter disks with an amount of ethanol equal to that in the lowest concentration (highest dilution) were placed in the control dishes. The experiments were then conducted and analyzed in the same manner as the frozen watercress experiments.
Chemical Analyses. Watercress was analyzed for carbon, hydrogen, nitrogen, and isothiocyanate-yielding glucosinolates during summer 1988 in Michigan. Fifteen subsamples (2-4 rag, dry) of yellowed and green leaves were dried (65~ and analyzed for carbon, hydrogen, and nitrogen with a Perkin-Elmer 24000 CHN Total Elemental Analyzer. The subsamples were taken from leaflet material remaining after disks were cut for the choice experiments and represent the range of material used in the choice tests. A sample of watercress roots as also analyzed.
Glucosinolate content was analyzed for frozen leaves as well as fresh green and yellowed leaves used in the choice experiments. Samples of fresh and yellowed leaves (0.8-2.6 g wet) were obtained from leaf material remaining from different choice tests and immediately boiled for 10 min in 70 % methanol. Glucosinolate analyses were done (within three months) according to the methods described by Blua (1984) and Blua and Hanscom (1986) , except that phenylethyl isothiocyanate was used as the standard for isothiocyanate concentration determination. Results are expressed as milligrams of phenylethyl isothiocyanate-yielding glucosinolate (IYG) per gram (wet) watercress. Concentrations of phenylethyl isothiocyanate from the tissues can be determined by multiplying the IYG concentrations by 0.371. Frozen watercress was analyzed for phenylethyl isothiocyanate directly, without fixation or the standard myrosinase treatment. Subsamples of thawed, frozen watercress (0.8-2.6 g wet) were placed in 40 ml cold water, and 10 ml methylene chloride was then added and the bottles were shaken vigorously to extract the released isothiocyanates. The methylene chloride phase was later processed (within three months) and analyzed by GC for isothiocyanate content in the same manner as done for the fresh and yellowed samples. Standard extraction procedures and analysis (e.g., Blua and Hanscom 1986 ) of the thawed leaf tissue remaining after methylene chloride extraction revealed no detectable glucosinolates. A set of standards prepared on filter disks (similar to the toxicity test disks) was treated in the same way as the frozen watercress samples; analysis showed almost 100% recovery.
RESULTS
Watercress Chemistry. Fresh green watercress contained the highest concentrations of carbon, hydrogen, and nitrogen, with total nitrogen > 5 % and C/N ratio of 7.27 (Table 1) . Yellow leaves had significantly lower carbon and nitrogen (2.7%) with a C/N ratio of 12.7. Roots had the lowest nitrogen and the highest C/N ratio (16).
Fresh green watercress also had much higher concentrations of phenylethyl glucosinolate (8.9 mg/g) than yellowed leaves (1.2 mg/g; P < 0.001) ( Table  2) . Frozen green watercress yielded phenylethyl isothiocyanate concentrations nearly identical to fresh watercress (P > 0.5), which suggests that freezing and thawing resulted in nearly complete hydrolysis of the phenylethyl glucosinolate to isothiocyanate.
Choice Tests. Amphipods readily consumed yellowed leaf disks (typically 40-60% of the area offered), but rarely consumed more than 10% of the fresh green disks (Figures 1 and 2 ). For each choice type (e.g., two fresh and two 
FIG. 2. Consumption (area/24 hr) of fresh green (F) and yellowed (Y) leaf disks by
Gammarus pseudolimnaeus in Michigan, July-August 1988, after 12-and 48-hr starvation period. Test type indicates the number of fresh and yellow disks offered. Vertical lines represent +2 SEs. yellow disks), both total consumption and mean consumption (an average disk) of yellowed disks was significantly higher than that of green disks (t tests; all P < 0.01). Even when Gammarus was starved for 48 hr and provided only green disks, total consumption was less than half that of yellow disks. Starvation duration (12 or 48 hr) did not increase the consumption of leaf disks in Connecticut but did increase consumption significantly in Michigan (P < 0.05). complete mortality at the highest concentrations. The 48-hr LCs0 values for leaves ranged from 475 to over 1000 mg (wet)/liter (Table 3 ). Toxicity of roots was similar to leaves. Observations during the tests suggested that most mortality occurred within 24 hr; 24-hr LCs0s were < 30% larger than 48-hr LCsos. Toxic levels of frozen cress appeared to result in abnormally high rates of gut evacuation, which were not seen at low and control levels. New amphipods introduced into the highest concentrations after the 48-hr experiments were also killed, but the toxic action was reduced.
Consumption of cress (both green and yellow) by amphipods in Michigan and Connecticut was not significantly different (P > 0.05).

Damaged Tissue Tests. Frozen watercress was toxic to the amphipods. Amphipod mortality showed typical dose-response curves, with no mortality at the lowest concentrations, partial mortality at intermediate concentrations, and
Toxicity of Secondary Compounds. Previous research demonstrated that
2-phenylethyl isothiocyanate and 3-phenylpropiontrile are predominant glucosinolate hydrolysis products in watercress (MacLeod and Islam, 1975; Cole, 1976; Spence and Tucknott, 1983) . Forty-eight-hour LCso values for 2-phenylethyl isothiocyanate were < 4 mg/liter (Table 4) . 3-Phenylpropionitrile was not as toxic, giving LCso values over 100 mg/liter (Table 4) . Toxic effects were similar to frozen watercress; mortality occurred rapidly and high rates of defecation were noted. The 24-hr LCso values were not significantly different from 48-hr LCs0 values. With 3-phenylpropionitrile, however, amphipods at intermediate concentrations appeared partially paralyzed, but did not die even after 96 hr.
DISCUSSION
Field-collected yellowed watercress typically lacked the bite and odor characteristic of green watercress and was consumed by G. pseudolimnaeus, which strongly preferred yellowed watercress to green watercress, despite the higher nitrogen content of the latter, and usually consumed five times more yellowed watercress. Fresh green watercress, however, had phenylethyl glucosinolate concentrations that were seven times higher than yellowed watercress. Cell-damaged green watercress was toxic to G. pseudolimnaeus. The primary volatile secondary chemicals released by damaged watercress were also highly toxic to G. pseudolimnaeus. These results, although only correlative, suggest that live watercress is chemically defended against consumption and that the glucosinolate-myrosinase system (recognized as the principle deterrent system of terrestrial crucifers) is also active against aquatic crustacean herbivores. Further work is needed to determine if other possible explanations that we did not test for, such as mechanical defense or other chemicals, can be eliminated. Gammarus and watercress both occur in spring-fed alkaline streams. G. pseudolimnaeus is often most abundant in the watercress beds, living among the roots and submerged leaves (Hynes and Harper, 1972; Newman, personal observation) . These crustaceans are generalist feeders, consuming algae, other animals, and terrestrial leaf litter (Sutcliffe et al., 1981) . Moreover, Gammarus reportedly possesses the ability to digest cellulose (B/irlocher and Porter, 1986) . Therefore, G. pseudolimnaeus has the potential to consume watercress, yet little plant damage was observed on green leaves, only on senescing yellow leaves. Others have reported occasional feeding. For example, Minckley (1963) reported that G. minus and G. bousfieldi contained watercress in their guts, but di~l not identify whether the material was from living tissue or senescent leaves.
H.B.N. Hynes (personal communication, University of Waterloo) notes that in
England, after commercial watercress beds are cleared for replanting, G. pulex (indigenous to Europe) will consume newly planted watercress cuttings; however, all other food sources are removed during clearing. Sutcliffe et al. (1981) found poor to moderate growth of G. pulex on watercress in laboratory trials but also noted high (up to 95%) mortality. The only reported aquatic pest of watercress known to us is the trichopteran Limnephilus lunatus, which is indigenous to Europe (Gower, 1967) .
As mentioned earlier, in our work, the yellowed cress usually lacked the bite and odor characteristic of fresh watercress and had greatly reduced levels of glucosinolates. Frozen watercress leached in the stream for two days was not toxic to the amphipods and was consumed. Likewise, Feeny and Rosenberry (1982) noted that yellowed senescent leaves of the terrestrial cmcifer Dentaria sp. had no detectable glucosinolates. Loss of toxic volatile compounds conicided with marked increase in consumption. G. pseudolimnaeus strongly preferred yellow leaves to green leaves, typically consuming over 50% of a yellowed leaf disk, but rarely more than 15 % of a green disk. The yellowed disks often lost large areas, whereas G. pseudolimnaeus only sampled the edges of green disks, even when no other food was available. The average amount of consumption of individual green leaf disks was similar among test types, further suggesting a sampling of each disk rather than sustained consumption.
Food quality does not appear to explain the lack of consumption of the green leaves. Most aquatic invertebrates, including Gammarus, prefer food with high nitrogen and low C/N ratios (Bird and Kaushik, 1981) . Fresh leaves had a high nitrogen content (higher than most terrestrial and aquatic plants reported by Otto and Svensson, 1981) and a low C/N ratio (yet similar to the ratio of 7.5 : 1 reported for watercress by Dawson, 1980) , which suggest a high food quality. In contrast, yellowed cress had significantly lower nitrogen and higher C/N ratios. Therefore, choice seems unrelated to food quality.
In our experiments, cell damage via freezing leached substances toxic to G. pseudolimnaeus. Freezing damaged the plant tissue and resulted in high production of glucosinolate hydrolysis products (phenylethyl isothiocyanate) upon thawing. Freezing and thawing apparently resulted in complete hydrolysis of the glucosinolate. The primary products of glucosinolate hydrolysis in watercress are 2-phenylethyl isothiocyanate and the corresponding nitrile (3-phenylpropionitrile; Freeman and Mossadeghi, 1973; MacLeod and Islam, 1975; Spence and Tucknott, 1983) . Cole (1976) determined that, after autolysis, watercress produced 74 #g of 2-phenylethyl isothiocyanate per gram of watercress and reported no other isothiocyanates or nitriles. Our results showed much higher levels of phenylethyl isothiocyanate, about 3.3 mg/g. Others have reported additional volatiles, but in all cases, 2-phenylethyl isothiocyanate was the predominant compound Mossadeghi, 1972, 1973; Spence and Tucknott, 1983) . Moreover, Freeman and Mossadeghi (1972) confirmed that 2-phenylethyl isothiocyanate was the chemical responsible for the characteristic odor and "hot" taste of watercress. By comparing our toxicity results to plant phenylethyl isothiocyanate concentrations, it can be seen that the toxicity of frozen cress corresponds well (within a factor of 3) with the toxicity and amount of phenylethyl isothiocyanate that would be released upon thawing (Table 2 ). The isothiocyanates have been proposed to be the primary defensive agent in terrestrial crucifers (e.g., Feeny, 1977; Louda and Rodman, 1983) . Studies with terrestrial invertebrates, mostly insects, have shown 2-phenylethyl isothiocyanate to be quite toxic (e.g., Lichtenstein et al., 1964; Ahman, 1986); Lowe et al. (1971) reported the toxicity to dipteran larvae (Inopus rubriceps) to be at the level of DDT toxicity (a highly toxic insecticide). Our toxicity tests with 2-phenylethyl isothiocyanate and 3-phenylpropionitrile confirm that both are quite toxic to crustaceans. The 48-hr LCso for 2-phenylethyl isothiocyanate (ca. 1 mg/liter) is comparable to the level of toxicity of moderately toxic insecticides to G. pseudolimnaeus (Mayer and Ellersieck, 1986) . Toxicity, feeding, and chemical analyses suggest that G. pseudolimnaeus food choice may be influenced by the presence of defensive chemicals such as 2-phenylethyl isothiocyanate that are released from watercress upon tissue damage. This would appear to be an aquatic analog to the terrestrial crucifer defense system often cited as a classic example of plant defense. We do not know the toxicity of consumed watercress, however. Neither can we rule out mechanical or other chemical differences that may be correlated with senescence and loss of glucosinolates. Thus, more work is needed to determine more positively if the glucosinolate system is the defensive agent.
The subject of chemical defenses in freshwater systems is largely unexplored. A few incomplete studies suggest that chemical defenses may be highly important. For example, LaLonde et al. (1979) showed that the freshwater alga Cladophora possesses fatty acids toxic to dipteran larvae but did not look at food choice or consumption. Similarly, Ostrofsky and Zettler (1986) showed that many aquatic macrophytes possess significant concentrations of alkaloids, but did not relate chemistry to defense. Finally, Otto and Svensson (1981) suggested that the lack of herbivory on aquatic macrophytes was due to defensive chemicals, but they did not relate chemistry to feeding observations. We believe that chemical defenses may be more important in aquatic plants than previously thought and suggest that watercress is only one example of many chemically defended freshwater plants.
This suggestion has important implications for detritivory. Stream invertebrates are quite adept at using detrital material of both autochthonous and allochthonous origin. Aquatic macrophytes decay quite rapidly compared to terrestrial leaf litter (Bird and Kaushik, 1981; Webster and Benfield, 1986) and can be an important component of aquatic energy budgets (Wetzel, 1983; Car-penter and Lodge, 1986) . One possible reason that macrophytes are not consumed until senescence or death is that they are chemically defended (Smock and Stoneburner, 1980) . Watercress has a very rapid decay rate (Bird and Kaushik, 1981; Webster and Benfield, 1986) , which is in large part influenced by abundance of shredders such as G. pseudolimnaeus (Newman, unpublished manuscript) . Our results suggest that the reason watercress contributes directly to stream invertebrate energetics only upon senescence and death is that this potentially nutritious food source is chemically defended while alive. The loss of noxious compounds after senescence permits rapid decay and high consumption by stream invertebrates.
